The study investigates the mean reversion in 1-minute EURUSD. Intraday patters in FX seem of particular interest as more and more trades in the FX market are automated high frequency trades (HFT). The study reveals that the mean reversion is present in the intraday EURUSD. ADF test rejects unit root. The average of the deviation of EURUSD from its (moving) mean is close to zero. Furthermore when short and long positions are simultaneously open, the average maximum return achieved through 24 hour period is similar, providing yet another evidence for mean reversion and lack of weak form of market efficiency.
Introduction
Foreign exchange (FX) market is the most liquid market in the world, with daily turnover reaching trillions of USD 1 . The FX market has undergone changes due to development in electronic trading 2 . It is estimated that the automated trades contribute to, depends on the currency, 40-60% of the FX spot market transactions 3 . Moreover the share of high-frequency trading (HFT) 4 is constantly increasing. Yet HFT at the FX market is still not as popular as at the equity market 5 .
High share of automated trades and in particular the HFT means that the investment horizon of FX market participants has shortened rather drastically, to (often) several minutes 6 .
Therefore, in order to understand the FX market dynamics, it seems appropriate to investigate the intraday data. The decisions of incising number of FX market participants are based on models employing intraday data, and computer algorithms dealing with intraday data.
There is rather extensive literature on factors affecting exchange rates, with monetary models being a constant source of discussion ever since 1970s 7 . Already in 1980s the power of the monetary models was challenged 8 . Although they might help to predict the long term behaviour of exchange rates, and the macroeconomics news announcements have also impact on the short term behaviour 9 , yet the classic linear models fail to explain the temporal fluctuations on FX market 10 . It is believed that to capture those movements data of highest available frequency should be used 11 . Furthermore it has been shown that non-linear models can provide superior performance 12 .
This paper looks at high frequency (1-minute) EURUSD exchange rates 13 . In particular it tackles the problem whether mean reversion can be identified in this FX high frequency data. Intraday mean reversion can have powerful consequences for creating profitable (HFT) automated trades. At the same time mean revision is an argument against the weak form of market efficiency. Yet in the market with high share of HFT trades (that focus on exploring arbitrage possibilities and market imperfections) one would expect that market to be relatively efficient.
The paper is organized as follows: first the EURUSD intraday data (and its summary statistics) is briefly described. Next ADF tests are performed. Simultaneously the impact of moving averages on prices and the distribution of deviations from moving averages are outlined.
Following that empirical investigation of two trading strategies (that utilize mean reversion) is undertaken. The paper outcomes are summarized in conclusions.
EURUSD intraday data
Figure 1 presents the EURUSD 1-minute LastBid rates, while Table 1 displays their summary statistics. The mean exchange rate was 1.244315 USD per 1 EUR. Based on the diagram, it seems that in the long time horizon, the EURUSD is mean reverting around relatively constant mean of 1.244315. At the same time it appears that in the short time horizon, the EURUSD could be mean reverting, yet to a mean that is changing in time (i.e. EURUSD
can be reverting to a moving average of some sort). The importance of moving average will be a subject of the next section. will results in gains/losses magnified by the leverage ratio they use.
Mean reversion
Prior conducting any further research it is worthwhile noticing that the paper looks at the pattern in levels (i.e. prices) as opposed to returns. This is not common for financial markets but it is popular in commodity market 14 . This approach was selected due to the fact that in previous section a mean reversion in prices was identified.
According to the results of ADF test presented in Table 2 , the null hypothesis of unit root can be rejected for ADF test with a drift. Thus EURUSD was created by stationary process with a drift. This in itself implies mean reversion (to a mean that is changing in time), and confirms earlier observation that in sort horizon EURUSD is mean reverting to a mean that is changing in time. Reminder of this section will investigate the importance of moving average and the distribution of deviations from moving average. Table 3 displays the results of the regression with: (1) moving average of (x) LastBid rates as an explanatory variable 15 , (2) as (1) but additionally include: D1 dummy variable that is equal to 1 if the LastBid has increased at t = 0, or D2 dummy variable that is equal to 1 if the LastBid increased at t = -1:
The moving average as an explanatory variable contributes to over 95% in the variation of LastBid. Changes in the moving average result in changes in LastBid of similar magnitude.
Furthermore, partial autocorrelation function for LastBid is finished and it is disappearing (i.e.
it is equal to zero) after 2 lags, suggesting AR(2) process. While investigating the mean reversion it could prove useful to look at the distribution of the deviations from the moving average (for different time horizons x). Table 4 shows that both the mean and the median of deviations of various x are very close to zero. The kurtosis of the distribution for low x is relatively high, implying fat tails. The kurtosis is decreasing with x, thus the higher the x the less frequent are extreme (much varying from moving average) prices. This yet again confirms mean reversion in high frequency data. 
Trading strategy vs. mean reversion
Assume there are two possible trading strategies: (1) going long strategy (BS) where EURUSD is purchased initially (at ask rate A at time t = 1) and then sold (at bid rate b t at some future time t = n, where n = 2, …, 1,440), and (2) short sell strategy (SS) where EURUSD is sold (at a bid rate B at time t = 1) and then repurchased back (at ask rate a t at time t = n, where n = 2, …, 1,440) 16 . For each trading day and each strategy there are 1,439 possible returns calculated as:
and
where R BS (t) is the return coming from (1) strategy achieved 17 at time t = n (where n = 2, …, 1,440) and R SS (t) is the return coming from the (2) strategy achieved at time t = n (where n = 2, …, 1,440). Tables 5 and 6 outlines the summary statistics of maximum returns possible to achieve by following BS (Table 5) or SS (Table 6 ) strategies for 24 hours. The study allows for changing the time when the position was initially opened. There are 24 possible position opening time (o).
They were selected as 1st minute of each hour. Executing both trading strategies allow for positive returns. The average maximum return for BS strategy is equal to 0.005525 (with 99% confidence interval of (0.005501; 0.005548). This is lower than the average maximum return for SS strategy, which is equal to 0.006046, with the 99% confidence interval being (0.006023; 0.006069). The average variation between the maximum returns of both strategies is equal to approximately 9 per cent of the return. Similar results coming from following BS and SS strategies seem only possible in case of mean reversion. Thus the above results confirm once again the intraday mean reversion established in the previous section. There are some limitations of the above analysis. The study assumes 24 hours as the maximum period of holding an open position. As has been indicated previously, HFT can focus on much shorter horizon, therefore investigation of performance of BS and SS strategies for shorter horizon would seem justified. At the same time it is worth noting that the minimum values of the maximum returns can be far below the mean, and can reach negative values (Table 5) . Such negative observations are rare, nevertheless they do exist. It seems interesting to investigate what is the time needed for mean reversion to occur in such circumstances? Further studies could address this question.
Conclusions
The study tackles the problem of mean reversion in high frequency data. In particular it investigates the 1-minute EURUSD exchange rate. Intraday patters in FX seem of particular interest as more and more trades in the FX market are automated HFT.
The ADF test revealed that the EURUSD is created by a stationary process with a drift.
At the same time moving averages are important when explaining EURUSD. Furthermore the distribution of the EURUSD deviations from the mean suggest the average deviation is very close to zero. On basis of all this observations it can be confirmed that the EURUSD experience a mean reversion. Further confirmation steams from opening simultaneously short and long position in EURUSD. It has been revealed that, on average, both positions can provide similar positive returns. That would not be a case if EURUSD was not mean reverting.
The mean reversion can be used for creating trading strategies that would provide abnormal returns. Therefore discovering this pattern provides and evidence for violation of weak form of market efficiency. It seems that EURUSD is not efficient in intraday horizon. Further studies could explore the benefits of strategies resulting from this inefficiency.
The study features several limitations, some outlined in the section above. It would seem further investigation of the topic is fully justify. In particular it would be interesting to know how robust in time the results are. Thus if longer and/or more recent dataset was used for the analysis would the results be intact? Moreover would there be an impact if the provider of the data (the EURUSD quotes) was changed? As FX is an OTC market that can have an implication on the market efficiency as well.
Notes
1 The average daily turnover for April 2010 was 3.98 USD (BIS, 2011).
2 Electronic trading can be divided into manual and automated. In manual trade instructions are executed by humans on the electronic trading platform, whereas in automated they are executed by computer algorithms (BIS, 2011). 3 Where spot market is making up for 39% of FX trades in 2010 (BIS, 2011) .
